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We study the experimental constraints on the Georgi-Machacek model from direct searches for
the new Higgs bosons and measurements of the properties of the discovered 125 GeV Higgs boson.
We apply these by interfacing the public codes HiggsBounds 5.2.0 and HiggsSignals 2.2.1, which
implement a large collection of direct-search constraints on extra Higgs bosons and measurements
of the properties of the 125 GeV state to the model calculator GMCALC. We also implement
constraints involving searches for doubly-charged Higgs bosons and Drell-Yan production of a neutral
Higgs with decays to photon pairs directly into GMCALC; these channels are not included in
HiggsBounds but provide important constraints on the model, especially at low mass. We identify
new constraints on the model from H03 → Zh and H → hh and point out that these channels remain
promising. We also determine the allowed range of couplings of the SM-like Higgs boson after all
experimental constraints are applied and show that the direct searches for additional Higgs bosons
are generally more constraining than the measurements of the 125 GeV Higgs boson couplings. The
updated GMCALC code will be released as version 1.5.0.
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2I. INTRODUCTION
The primary objective of the CERN Large Hadron Collider (LHC) is, arguably, the elucidation of the mechanism
of electroweak symmetry breaking. This entails a comprehensive study of the properties of the 125 GeV Higgs boson
discovered in 2012 [1, 2], as well as searches for additional Higgs bosons that can appear in extensions of the Standard
Model (SM) Higgs sector. As these measurements become more constraining and the number of such searches grows,
it becomes increasingly important to apply them in a systematic way to models with extended Higgs sectors in order
to maintain a realistic understanding of the remaining possibilities for new Higgs physics.
This task is made manageable by the public implementations of Higgs search and measurement results in packages
such as HiggsBounds [3], HiggsSignals [4], and HEPfit [5]. It is made even easier when these packages are called
directly from model calculators, as HiggsBounds/HiggsSignals is from the two-Higgs-doublet model (2HDM) calculator
2HDMC [6], or when extended Higgs models are implemented into global fitting packages, as the 2HDM and Georgi-
Machacek (GM) models are in HEPfit [7–9].
The GM model [10, 11] is a prototype for extensions of the SM Higgs sector by scalars in triplet or larger isospin
representations, implemented in a way that preserves the value of the electroweak ρ parameter at tree level. Its
interesting features include doubly- and singly-charged scalars that couple at tree level to vector boson pairs, as well
as the possibility that the SM-like Higgs boson’s couplings to WW and ZZ could be larger than that in the SM.
The most important direct-search constraints on the GM model considered up to now are from vector boson fusion
(VBF) production of the doubly-charged Higgs with decays to like-sign W boson pairs [12–14] and vector boson fusion
production of the singly-charged Higgs that decays to WZ [15–17]. Drell-Yan production of the doubly-charged Higgs
with decays to like-sign dimuons also constrains masses below about 76 GeV [18, 19], and the fermiophobic neutral
scalar can be constrained at low mass by its diphoton decays [20, 21].
In this paper we report on our implementation of an interface between the GM model calculator GMCALC [22]
and HiggsBounds/HiggsSignals, through which we evalute experimental constraints on the model. We also implement
constraints directly in GMCALC for some search channels that are not included in HiggsBounds, including the
aforementioned VBF production of the doubly-charged Higgs boson decaying to W boson pairs. We show that
the most stringent constraints on the model parameter space come from these directly-implemented constraints, in
particular VBF production of the doubly-charged Higgs decaying to like-sign W bosons and Drell-Yan production
of the neutral Higgs boson H05 of the custodial fiveplet decaying to diphotons. However, our implementation of
HiggsBounds shows that decays of the CP-odd neutral Higgs H03 to Zh and of the CP-even custodial-singlet H to hh,
where h is the 125 GeV Higgs boson, exclude small regions of parameter space that are not otherwise constrained and
are therefore promising channels for future searches. Through our implementation of HiggsSignals we show that the
current measurements of the couplings of the 125 GeV Higgs boson h do not provide substantial additional constraints
on the parameter space. Indeed, the direct searches for additional Higgs bosons constrain the couplings of h to vector
bosons (fermions) to lie within ±20% (30%) of their SM values.
This paper is organized as follows. In the next section we describe the GM model and define the benchmark in
which some of our scans will be performed. In Section III we describe the GM model calculator GMCALC and our
implementation of the calls to HiggsBounds 5.2.0 and HiggsSignals 2.2.1. This implementation will be released in
GMCALC 1.5.0. In Section IV we describe how we implemented the constraints from VBF and Drell-Yan production
of the doubly-charged Higgs, as well as Drell-Yan production of H05 with decays to diphotons. In Section V we show
the constraints on the GM model from HiggsBounds. We show results in two specific benchmarks as well as in general
parameter scans at high and low mass. In Section VI we apply HiggsSignals to constrain the properties of the 125 GeV
SM-like Higgs boson and compare the resulting constraints to those from direct searches. In Section VII we conclude.
II. THE GEORGI-MACHACEK MODEL
The scalar sector of the GM model [10, 11] consists of the usual complex doublet (φ+, φ0) of the SM with hyper-
charge1 Y = 1, a real triplet (ξ+, ξ0, ξ−) with Y = 0, and a complex triplet (χ++, χ+, χ0) with Y = 2. The doublet
is responsible for the fermion masses as in the SM. In order to make the global SU(2)L×SU(2)R symmetry explicit,
we write the doublet in the form of a bidoublet Φ and combine the triplets to form a bitriplet X:
Φ =
(
φ0∗ φ+
−φ+∗ φ0
)
, X =
 χ0∗ ξ+ χ++−χ+∗ ξ0 χ+
χ++∗ −ξ+∗ χ0
 . (1)
1 We use Q = T 3 + Y/2.
3The vevs are defined by 〈Φ〉 = vφ√
2
I2×2 and 〈X〉 = vχI3×3, where I is the appropriate identity matrix and the W and
Z boson masses constrain
v2φ + 8v
2
χ ≡ v2 =
1√
2GF
≈ (246 GeV)2, (2)
where GF is the Fermi constant. Upon electroweak symmetry breaking, the global SU(2)L×SU(2)R symmetry breaks
down to the diagonal subgroup, which is the custodial SU(2) symmetry.
The most general gauge-invariant scalar potential involving these fields that conserves custodial SU(2) is given, in
the conventions of Ref. [23], by2
V (Φ, X) =
µ22
2
Tr(Φ†Φ) +
µ23
2
Tr(X†X) + λ1[Tr(Φ†Φ)]2 + λ2Tr(Φ†Φ)Tr(X†X)
+λ3Tr(X
†XX†X) + λ4[Tr(X†X)]2 − λ5Tr(Φ†τaΦτ b)Tr(X†taXtb)
−M1Tr(Φ†τaΦτ b)(UXU†)ab −M2Tr(X†taXtb)(UXU†)ab. (3)
Here the SU(2) generators for the doublet representation are τa = σa/2 with σa being the Pauli matrices, the
generators for the triplet representation are
t1 =
1√
2
 0 1 01 0 1
0 1 0
 , t2 = 1√
2
 0 −i 0i 0 −i
0 i 0
 , t3 =
 1 0 00 0 0
0 0 −1
 , (4)
and the matrix U , which rotates X into the Cartesian basis, is given by [24]
U =
 − 1√2 0 1√2− i√
2
0 − i√
2
0 1 0
 . (5)
The minimization conditions for the scalar potential read
0 =
∂V
∂vφ
= vφ
[
µ22 + 4λ1v
2
φ + 3 (2λ2 − λ5) v2χ −
3
2
M1vχ
]
,
0 =
∂V
∂vχ
= 3µ23vχ + 3 (2λ2 − λ5) v2φvχ + 12 (λ3 + 3λ4) v3χ −
3
4
M1v
2
φ − 18M2v2χ. (6)
The physical fields can be organized by their transformation properties under the custodial SU(2) symmetry into a
fiveplet, a triplet, and two singlets. The fiveplet and triplet states are given by
H++5 = χ
++, H+5 =
(χ+ − ξ+)√
2
, H05 =
√
2
3
ξ0,r −
√
1
3
χ0,r,
H+3 = −sHφ+ + cH
(χ+ + ξ+)√
2
, H03 = −sHφ0,i + cHχ0,i, (7)
where we have decomposed the neutral fields into real and imaginary parts according to
φ0 → vφ√
2
+
φ0,r + iφ0,i√
2
, χ0 → vχ + χ
0,r + iχ0,i√
2
, ξ0 → vχ + ξ0,r. (8)
and the vevs are parameterized by
cH ≡ cos θH = vφ
v
, sH ≡ sin θH = 2
√
2 vχ
v
. (9)
The parameter s2H has an interesting physical meaning, being the fraction of M
2
W and M
2
Z that is generated by the
triplet vevs at tree level.
2 A translation table to other parameterizations in the literature has been given in the appendix of Ref. [23].
4Fixed inputs Variable parameters Other parameters
GF = 1.1663787× 10−5 GeV−2 m5 ∈ [200, 3000] GeV λ2 = 0.4m5/(1000 GeV)
mh = 125 GeV sH ∈ (0, 1) M1 =
√
2sH(m
2
5 + v
2)/v
λ3 = −0.1 M2 = M1/6
λ4 = 0.2
TABLE I. Parameter definitions for the H5plane benchmark scenario [25] in the GM model.
The masses within each custodial multiplet are degenerate at tree level and can be written (after eliminating µ22
and µ23 in favor of the vevs) as
3
m25 =
M1
4vχ
v2φ + 12M2vχ +
3
2
λ5v
2
φ + 8λ3v
2
χ,
m23 =
M1
4vχ
(v2φ + 8v
2
χ) +
λ5
2
(v2φ + 8v
2
χ) =
(
M1
4vχ
+
λ5
2
)
v2. (11)
The two custodial SU(2)–singlet mass eigenstates are given by
h = cosαφ0,r − sinαH0′1 , H = sinαφ0,r + cosαH0′1 , (12)
where
H0′1 =
√
1
3
ξ0,r +
√
2
3
χ0,r. (13)
The elements of their mass matrix in the basis (φ0,r, H0′1 ) are given by
M211 = 8λ1v2φ,
M212 =
√
3
2
vφ [−M1 + 4 (2λ2 − λ5) vχ] ,
M222 =
M1v
2
φ
4vχ
− 6M2vχ + 8 (λ3 + 3λ4) v2χ. (14)
In this paper we break with tradition and define h to be the 125 GeV Higgs, and H to be the other custodial-singlet
state, which can be heavier or lighter than h.
The custodial-fiveplet states H0,±,±±5 are composed entirely of isospin triplet scalars, and hence are fermiophobic.
4
The fiveplet states do, however, couple at tree level to vector boson pairs with a coupling proportional to sH . The
custodial-triplet states H0,±3 , on the other hand, couple to fermions with strength proportional to sH and do not
couple to vector boson pairs at tree level – their phenomenology is similar to that of the pseudoscalar and charged
Higgs of the Type-I 2HDM. The second custodial singlet H couples to both vector boson pairs and fermion pairs at
tree level.
The scalar potential of the GM model in Eq. (3) contains 9 parameters, two of which can be fixed by the measured
values of GF and mh. This leaves a 7-dimensional parameter space to be scanned over. In addition to general
scans over the full parameter space, it is also useful to consider strategically-chosen benchmark planes, which are
two-dimensional slices through the parameter space. Two benchmark planes have been proposed for the GM model:
the so-called H5plane benchmark (Tab. I), which was introduced in Ref. [25] and its phenomenology studied in some
detail in Ref. [14], and the low-m5 benchmark (Tab. II), which was introduced in particular to cover the m5 range
below 200 GeV and is being studied in Ref. [26].
Both benchmarks take m5 and sH as their two free parameters. The rest of the parameters are chosen so that
(i) the custodial-fiveplet states H0,±,±±5 are lighter than H
0,±
3 and H, thereby ensuring that H
±±
5 and H
±
5 decay
exclusively into vector boson pairs, and (ii) the benchmark comes close to populating the full theoretically-allowed
3 Note that the ratio M1/vχ is finite in the limit vχ → 0,
M1
vχ
=
4
v2φ
[
µ23 + (2λ2 − λ5)v2φ + 4(λ3 + 3λ4)v2χ − 6M2vχ
]
, (10)
which follows from the minimization condition ∂V/∂vχ = 0.
4 We neglect the possible lepton-number-violating coupling of the isospin triplet χ to two lepton doublets, the strength of which is of
order mν/vχ ∼ 10−12/sH .
5Fixed inputs Variable parameters Other parameters
GF = 1.1663787× 10−5 GeV−2 m5 ∈ (50, 550) GeV λ2 = 0.08(m5/100 GeV)
mh = 125 GeV sH ∈ (0, 1) λ5 = −4λ2 = −0.32(m5/100 GeV)
λ3 = −1.5
λ4 = −λ3 = 1.5
M2 = 10 GeV
TABLE II. Parameter definitions for the low-m5 benchmark scenario [26] in the GM model.
range of m5 and sH accessible in a general scan. These properties make these benchmarks suitable for interpreting
LHC searches for H±±5 and H
±
5 produced in vector boson fusion (the cross section for which is proportional to s
2
H) and
decaying into vector boson pairs, as well as for Drell-Yan production of H++5 H
−−
5 at lower masses. We will evaluate
constraints from HiggsBounds and HiggsSignals in these benchmarks as well as in general scans of the parameter
space and compare their effectiveness to dedicated searches for doubly-charged Higgs bosons.
III. THE CODES
GMCALC [22] is a public Fortran code that, given a set of input parameters, calculates the particle spectrum,
couplings, and decay widths of the scalars in the GM model. It also implements checks of the theoretical constraints
on the model parameters from perturbative unitarity of two-to-two scalar scattering amplitudes, boundedness-from-
below of the scalar potential, and the absence of deeper minima following Ref. [23]. The numerical calculations used
in this analysis were based on GMCALC version 1.4.1.5
For this study, HiggsBounds was run in the effective coupling mode, which was most amenable to integration with
GMCALC. HiggsSignals was run with the same inputs as HiggsBounds, employing a Gaussian probability distribution
for the Higgs masses. HiggsSignals was used to constrain the 125 GeV Higgs, while HiggsBounds exclusions were
applied to all other Higgses 6. The various coupling modification factors and branching ratios required as input were
calculated from the output of GMCALC. All rate and mass uncertainties were set to zero. On rare occasion, the
branching ratio for a loop-induced decay of some Higgs was nonzero in the GM model but zero for an SM Higgs
of the same mass. In such cases the relevant coupling modification factor was simply set to zero. The total decay
width of each neutral Higgs was recalculated using the coupling modification factors and SM Higgs branching ratios
(determined using HiggsBounds internal functions), as opposed to using the value computed by GMCALC. This is
required to ensure the total width is consistent with the sum of the partial widths.
Grid-like scans were performed over the H5plane benchmark, varying m5 from 200 GeV to 1050 GeV in increments
of 10 GeV, and sH from 0 to 1 in increments of 0.01. The upper bound on m5 is the maximum mass at which
HiggsBounds can calculate SM Higgs branching ratios. A similar scan was performed over the low-m5 benchmark,
varying m5 from 50 GeV to 200 GeV and sH from 0 to 1 (in the same increments). In the scans over the whole
parameter space, points were sampled randomly, with bounds on parameters chosen in accordance with the maximum
theoretically allowed ranges described in Ref. [23]. The m5 ranges for these general scans were chosen to match those
in the benchmarks. For the H5plane and general scans, GMCALC was run with INPUTSET = 4, while in the low-m5
benchmark scan we used INPUTSET = 6 (see [22]). Both of these modes allow direct input of m5 and sH . The
number of model parameters, which is required to compute p-values in HiggsSignals, was taken to be two in all scans.
In the benchmark scans, there are in fact two free parameters, m5 and sH , and the same number was chosen for the
general scans so that they could be compared to the benchmarks on an equal statistical footing.
IV. CONSTRAINTS FROM DOUBLY-CHARGED HIGGS BOSONS AND DRELL-YAN DIPHOTONS
HiggsBounds 5.2.0 does not include constraints from searches for doubly-charged Higgs bosons or from Drell-Yan
production of a neutral Higgs boson decaying to γγ. These processes constitute some of the strongest direct constraints
on the GM model. We implement the following processes directly in GMCALC.
5 GMCALC 1.4.1 includes the nontrivial one-loop calculations of H05 → Zγ and H+3 , H+5 →W+γ [21], for which the external LoopTools
package [27] must be installed. In practice, only H05 → Zγ matters for the results in this paper: it affects the branching ratio of H05 → γγ
at masses below the WW threshold, modifying it by up to 10% [21]. If precision at this level is not needed, the LoopTools calls can
safely be omitted, in which case BR(H05 → Zγ) and BR(H+3 , H+5 →W+γ) are set to zero in the code.
6 It would not make sense to apply HiggsBounds to constrain the 125 GeV Higgs. Rather, we use HiggsSignals, to test the GM model
predictions against measured signal strengths of the 125 GeV Higgs.
6A. VBF H±±5 →W±W± → like-sign dileptons
The current most sensitive search for vector boson fusion (VBF) production of H±±5 with decays to W
±W± for
m5 ≥ 200 GeV is from a CMS analysis of 35.9 fb−1 of LHC Run 2 (13 TeV) data [28]. The upper bound on sH as a
function of m5 appears in the supplemental material of the published version and assumes BR(H
++
5 →W+W+) = 1.
We take into account the possibility that BR(H++5 →W+W+) < 1 when m3 < m5 by using the fact that the signal
production cross section is proportional to s2H , so that
(slimitH )
2 × BR(H++5 →W+W+) = (sCMSH )2, (15)
where sCMSH is the limit from Ref. [28] for BR(H
++
5 →W+W+) = 1.
For m5 < 200 GeV, VBF production of H
±±
5 with decays to W
±W± is constrained by an ATLAS measurement of
the VBF like-sign W boson production cross section using 20.3 fb−1 of LHC Run 1 (8 TeV) data [29], which was recast
in Ref. [12] to constrain H±±5 production in the GM model.
7 The recast puts an upper bound on vχ (equivalently sH)
as a function of m5 assuming BR(H
++
5 →W+W+) = 1. We account for the possibility that BR(H++5 →W+W+) < 1
in the same way as Eq. (15).
B. Drell-Yan H±±5 with H
±±
5 →W±W± → like-sign dileptons
Drell-Yan production of H++5 H
−−
5 and H
±±
5 H
∓
5 with H
±±
5 → W±W± is constrained by an ATLAS search for
anomalous like-sign dimuon production using 20.3 fb−1 of LHC Run 1 (8 TeV) data [30], which was recast in Ref. [18]
to constrain the Higgs Triplet Model assuming degenerate H++ and H+. The latter was reinterpreted in Ref. [19] in
the GM model, assuming BR(H++5 → W+W+) = 1; in this case, the measurement excludes m5 values below about
76 GeV independent of sH . We take into account the possibility that BR(H
++
5 → W+W+) < 1 by applying the
upper limit on the fiducial cross section from Ref. [30] to the quantity
σfiducial = 0.95×
[
σH++5 H
−−
5
(
2 BR(H++5 → µ+µ+)H++5 H−−5 − BR(H
++
5 → µ+µ+)22H++5 H−−5
)
+σH++5 H
−
5
BR(H++5 → µ+µ+)H++5 H−5 + σH−−5 H+5 BR(H
++
5 → µ+µ+)H−−5 H+5
]
, (16)
where BR(H++5 → µ+µ+) = BR(H++5 → W+W+) × BR(W+W+ → µ+µ+ + MET). We take the values of
BR(W+W+ → µ+µ+ + MET), the cross sections for the Higgs Triplet Model, and the efficiencies ij from Ref. [18].
The cross sections σij for the GM model are related to those in the Higgs Triplet Model (HTM) by [19]
σH++5 H
−−
5
= σHTMH++H−− , σH++5 H
−
5
=
1
2
σHTMH++H− , σH−−5 H
+
5
=
1
2
σHTMH−−H+ . (17)
The values of BR(W+W+ → µ+µ+ + MET) do not follow straightforwardly from the individual W decay branching
ratios because of quantum mechanical interference when H++5 is lighter than the WW threshold. The factor of 0.95
conservatively takes into account the ±5% theory uncertainty on the signal cross sections, computed at next-to-leading
order in QCD.
C. Drell-Yan H05H
±
5 with H
0
5 → γγ
Drell-Yan production of H05H
±
5 with H
0
5 → γγ is constrained by an ATLAS search for diphoton resonances in the
mass range 65–600 GeV using 20.3 fb−1 of LHC Run 1 (8 TeV) data [31] as well as in the mass range 200–2700 GeV
using 36.7 fb−1 of LHC Run 2 (13 TeV) data [32]. The constraints are placed on fiducial cross section times branching
fraction. We first generate the cross sections and events at next-to-leading order (NLO) in QCD using MadGraph5 [33]
at 8 TeV and 13 TeV pp centre-of-mass energies for H05H
+
5 and H
0
5H
−
5 separately. The total cross sections for these
two processes are shown in Fig. 1. The fiducial cross section is obtained by applying the cuts used in Refs. [31] and [32]
respectively:
8 TeV:
7 We thank Cheng-Wei Chiang for providing the numerical version of the exclusion contour of Ref. [12].
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FIG. 1. The cross sections of H05H
±
5 at the LHC with
√
s = 8 TeV (left panel) and
√
s = 13 TeV (right panel), computed using
MadGraph5 at NLO in QCD.
• |ηγ | < 2.37,
• For mγγ > 110 GeV, pTγ1 > 0.4mγγ and pTγ2 > 0.3mγγ ,
• For mγγ < 110 GeV, pTγ > 22 GeV,
13 TeV:
• |ηγ | < 2.37,
• pTγ1 > 0.4mγγ and pTγ2 > 0.3mγγ ,
where ηγ is the pseudorapidity of each of the two photons, mγγ is the diphoton invariant mass, and p
T
γi are the
transverse momenta of each of the photons. The corresponding efficiencies, ± for H05H
±
5 respectively, in going from
total cross section to fiducial cross section are shown in Fig. 2. The experimental upper limit on the fiducial cross
section times branching ratio is then applied for each mass point m5 to the quantity
σfiducial = (σH05H
+
5
× + + σH05H−5 × −)× BR(H
0
5 → γγ). (18)
V. CONSTRAINTS FROM HIGGSBOUNDS 5.2.0
A. H5plane benchmark
In the left panel of Fig. 3 we show the parameter space in the H5plane benchmark excluded by HiggsBounds 5.2.0
(HB) applied to all Higgs bosons except the 125 GeV Higgs. Exclusion plots for the individual Higgs bosons H,
H03 , and H
0
5 are also provided in Fig. 3 (right) and Fig. 4; HiggsBounds provides no additional exclusions for H
±
3 ,
H±5 , or H
±±
5 in this benchmark. Excluded regions of the parameter space are color-coded to indicate the most
sensitive excluding search channel as reported by HiggsBounds. The exclusion curve from the CMS constraint on
VBF production of H±±5 decaying to W
±W± (discussed in Section IV) is also plotted. Throughout most of the
parameter space of this benchmark, HiggsBounds does not exclude any area that is not already excluded by this
constraint; the one exception is a small region around m5 = 280 GeV and sH = 0.2 that is excluded by H
0
3 → Zh.
The right panel of Fig. 3 indicates that H → hh is a potentially important search channel (excluded region shown in
blue), but not as powerful as the H±±5 constraint in this benchmark.
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FIG. 2. The efficiencies ± of the experimental selection cuts for H05 (→ γγ)H±5 at the LHC with
√
s = 8 TeV (left panel) and√
s = 13 TeV (right panel), computed using simulated events in MadGraph5 at NLO in QCD.
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FIG. 3. Left: Excluded parameter regions (in color) from applying HiggsBounds 5.2.0 to all Higgs bosons except the 125 GeV
Higgs in the H5plane benchmark. The region above the black line is excluded by the CMS constraint on VBF H±±5 →W±W±
described in Section IV. The exclusions come from the searches in Refs. [34–39]. Right: The same as the left panel but applying
HiggsBounds to H alone. The exclusions are from Refs. [37–42].
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FIG. 4. As in the left panel of Fig. 3 but applying HiggsBounds to H03 (left) and H
0
5 (right) alone. The exclusions are from
Refs. [34–36, 43] for H03 and from Ref. [42] for H
0
5 .
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FIG. 5. Excluded parameter regions (in color) from applying HiggsBounds 5.2.0 to all Higgs bosons except the 125 GeV Higgs
in the low-m5 benchmark. The region above the black line is excluded by the ATLAS constraint on VBF H
±±
5 → W±W±
described in Section IV. The region excluded by Drell-Yan production of H05 decaying to diphotons (see Section IV) is shown
in black. The HiggsBounds exclusions come from the searches in Refs. [31, 40, 42, 44–48].
B. Low m5 benchmark
In Fig. 5 we show the parameter space in the low-m5 benchmark excluded by HiggsBounds 5.2.0 applied to all
Higgs bosons except the 125 GeV Higgs. Excluded regions are again color-coded to indicate the most sensitive
excluding search channel as reported by HiggsBounds. Also shown are the exclusion from the ATLAS constraint on
VBF H±±5 → W±W± described in Section IV (black curve) and the region excluded by Drell-Yan production of
H05 decaying to diphotons described in Section IV (solid black region). Most of the parameter space of the low-m5
benchmark with m5 . 120 GeV is excluded by the latter constraint. Exclusion plots for the individual Higgs bosons
H and H05 from HiggsBounds are also provided in Fig. 6; HiggsBounds provides no additional exclusions for H
0
3 ,
H±3 , H
±
5 , or H
±±
5 in this benchmark. The most interesting HiggsBounds constraints are from LHC searches for
h→ H05H05 → 4γ (green) and H05 → γγ with H05 produced singly (blue).
C. Full scan, high mass
To test the generality of the results in the benchmarks, we performed two general scans over the full 7-dimensional
parameter space of the GM model. In the first scan, 10,000 points that satisfied all theoretical constraints were
randomly generated in the region m5 ∈ [200, 1050) GeV, the same m5 range as in the H5plane benchmark. Fig. 7 shows
the allowed (gray) and excluded points. Unlike in the H5plane benchmark, the VBF H±±5 →W±W± constraint from
CMS cannot be represented as a curve, since the points do not represent a two-dimensional slice of the parameter space;
instead, points excluded by this constraint are shown in black. The points excluded by this constraint nevertheless
very nearly coincide with the exclusion curve in the H5plane benchmark plots. A handful of points allowed by the
H±±5 constraint are excluded by other processes, including H
0
3 → Zh (red) and H → hh (green). A considerable
region of the parameter space remains unexcluded. Exclusion plots obtained by applying HiggsBounds to H, H03 , or
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FIG. 6. As in Fig. 5 but applying HiggsBounds to H (left) and H05 (right) alone. The exclusions are from Refs. [40, 48] for H
and from Refs. [31, 42, 44–47, 49] for H05 .
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FIG. 7. Allowed parameter points (gray, plotted on top) from a general scan of 10,000 points with m5 ∈ [200, 1050) GeV
in the GM model. Points excluded by the CMS constraint on VBF production of H±±5 decaying to W
±W± [28] (described
in Section IV) are shown in black. Points allowed by this constraint but excluded by HiggsBounds are shown in color. The
HiggsBounds exclusions come from the searches in Refs. [34, 35, 37, 38, 40, 48, 50, 51].
H05 alone are shown in Fig. 8 and Fig. 9; the patterns of exclusions are very similar to the corresponding plots in the
H5plane benchmark.
D. Full scan, low mass
For the second general scan, 10,000 points that satisfied all theoretical constraints were randomly generated in the
region m5 ∈ [50, 200) GeV, the same m5 range as in the low-m5 benchmark. Fig. 10 shows the allowed (gray) and
excluded points. Points excluded by the ATLAS constraint on VBF H±±5 →W±W± are shown in black. Again, the
points excluded by this constraint very nearly coincide with the exclusion curve in the low-m5 benchmark plots. In
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FIG. 9. Excluded parameter points (in color, plotted on top) from applying HiggsBounds 5.2.0 to H03 (left) or H
0
5 (right)
alone in a general scan of 10,000 points in the GM model with m5 ∈ [200, 1050) GeV. The exclusions come from Refs. [34–
36, 43, 53, 55–57] for H03 and from Ref. [42] for H
0
5 .
contrast to the low-m5 benchmark, there are many allowed points with m5 < 120 GeV, some with sH as high as 0.7.
These points appear when accidental cancellations suppress the branching ratio of H05 → γγ, allowing them to evade
the constraint from Drell-Yan H05 → γγ. Another difference from the benchmark is the presence of several points
excluded by HiggsBounds from the decay of a charged Higgs, H+3 → τ+ν.
Exclusion plots obtained by applying HiggsBounds to H, H03 , or H
0
5 alone are shown in Fig. 11 and Fig. 12. Points
excluded by searches for H or H05 alone come from the same search channels as in the low-m5 benchmark. However,
while no points in the low-m5 benchmark were exlcuded by HiggsBounds from searches for H
0
3 , in the general scan
HiggsBounds excludes many points, mainly through searches for H03 → Zh and H03 → ττ .
VI. CONSTRAINTS FROM HIGGSSIGNALS 2.2.1
We now apply the measured signal strengths of the 125 GeV Higgs boson using HiggsSignals 2.2.1 to each of our
benchmarks and scans. The constraints on the H5plane benchmark from HiggsSignals are shown in Fig. 13 (left),
where we plot contours of the p-value computed by HiggsSignals with two free parameters. All the parameter space in
the H5plane with sH ≤ 0.4 is allowed at the 95% confidence level (p > 0.05) by the measured Higgs signal strengths.
The maximum p-value obtained in the H5plane benchmark is 0.64, a slightly better fit to the data than for the SM
Higgs, which yields p = 0.42. The picture in the general scan with m5 ∈ [200, 1050) GeV is very similar (right panel
of Fig. 13); about half a percent of the 10,000 scanned points are allowed by all direct search constraints but excluded
by HiggsSignals.
The constraints on the low-m5 benchmark from HiggsSignals are shown in Fig. 14 (left); in this benchmark the
p = 0.05 contour follows the boundary of the theoretically-allowed region, meaning that all of the parameter space
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FIG. 10. Allowed parameter points (gray, plotted on top) from a general scan of 10,000 points with m5 ∈ [50, 200) GeV in
the GM model. Points excluded by the ATLAS constraint on VBF H±±5 decaying to W
±W± [12, 29] are shown in black and
points excluded by the constraint on Drell-Yan production of H05 decaying to diphotons (see Section IV) are shown in yellow.
The rest of the points shown in color are excluded by HiggsBounds 5.2.0 and come from Refs. [1, 2, 31, 34, 35, 37, 39, 40, 42–
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FIG. 11. Excluded parameter points (in color, plotted on top) from applying HiggsBounds 5.2.0 to H alone in a general scan
of 10,000 points in the GM model with m5 ∈ [50, 200) GeV, plotted as a function of mH (left) and m5 (right). The exclusions
come from searches reported in Refs. [34, 37, 39, 40, 42–45, 48–50, 52–55, 57, 59].
shown is allowed at the 95% confidence level by the measured Higgs signal strengths. This is in part due to the fact
that the low-m5 benchmark was designed so that the contribution of H
+
5 and H
++
5 to the loop-induced h → γγ is
suppressed. The maximum p-value in this benchmark is 0.70. The picture in the general scan is more complicated,
with excluded points throughout the sH and m5 range considered (right panel of Fig. 14); about 11% of the 10,000
scan points are allowed by all direct search constraints but excluded by HiggsSignals. There are, however, also a large
number of allowed points with m5 & 60 GeV and values of sH up to 0.7.
In particular, the constraints on the parameter space of the GM model from the measured signal strengths of the
125 GeV Higgs boson are in general less constraining than those from direct searches for the new Higgs bosons.
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FIG. 13. Left: contours of the p-value from a fit to experimental measurements of the 125 GeV Higgs boson’s couplings in
the H5plane benchmark calculated with HiggsSignals. The region above the black dotted line is excluded by a CMS search for
VBF production of H±±5 decaying to W
±W± as described in Section IV. Right: as in the left panel but for a general scan of
10,000 points in the GM model with m5 ∈ [200, 1050) GeV.
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FIG. 15. Allowed values of κf and κV (gray points) for the 125 GeV Higgs boson after applying constraints from HiggsSignals,
HiggsBounds, and the direct searches that we implemented directly in GMCALC. Points allowed by HiggsSignals but excluded
by direct searches for additional Higgs bosons are shown in red. Points from both the high- and low-mass general scans are
included. κf and κV are defined as the hff¯ and hV V couplings normalized to their values in the SM. Some excluded points
lie beyond the boundaries of the plot.
VII. DISCUSSION AND CONCLUSIONS
In this work we evaluated constraints on the Georgi-Machacek model from direct searches for additional Higgs
bosons and from signal strength measurements of the 125 GeV Higgs. To apply these constraints we used the general-
purpose codes HiggsBounds 5.2.0 and HiggsSignals 2.2.1. A few processes not included in HiggsBounds are particularly
constraining for the GM model, which we implemented directly: these comprise searches for doubly-charged Higgs
bosons and for Drell-Yan production of H05H
±
5 with H
0
5 → γγ. We examined these constraints in the context of the
H5plane and low-m5 benchmark scenarios, as well as in two general scans over the full 7-dimensional parameter space
of the GM model with m5 ranges matched to those of the benchmarks. Large regions of parameter space remain
allowed by the current data.
One important result of our application of HiggsBounds to the GM model is to highlight the potential constraining
power of the H03 → Zh and H → hh channels at the LHC. These already exclude small regions of parameter space that
are not constrained by any other search in the GM model (as most clearly seen in the full scan for m5 > 200 GeV).
Improvements in the sensitivity of these searches are thus important to further constrain the GM model and could
lead to a discovery.
A second, perhaps counterintuitive, result is the relative weakness of the constraints from 125 GeV Higgs boson
coupling measurements, as implemented via HiggsSignals. In particular, direct searches for the additional Higgs
bosons constrain the model parameter space in such a way as to limit the tree-level couplings of the 125 GeV Higgs
bosons to fermions and to vector boson pairs to lie in the region κf ∈ (0.88, 1.28) and κV ∈ (0.87, 1.18) (Fig. 15),
where κf and κV are defined as the hff¯ and hV V couplings normalized to their values in the SM. Indeed, the fact
that the direct searches for the additional Higgs bosons generally provide the more stringent constraints on the GM
model parameter space than the 125 GeV Higgs boson signal strengths do leaves open the possibility of a discovery
as these searches are improved with additional LHC data.
The code written to interface the model calculator GMCALC with HiggsBounds and HiggsSignals will be included
in GMCALC versions 1.5.0 and higher, allowing the constraints to be easily updated as new experimental results are
incorporated into HiggsBounds and HiggsSignals.
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